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The subject of thermal transport at the mesoscopic scale and in low-dimensional systems is in-
teresting for both fundamental research and practical applications. As the first example of truly
two-dimensional materials, graphene has exceptionally high thermal conductivity, and thus provides
an ideal platform for the research. Here we review recent studies on thermal and thermoelectric
properties of graphene, with an emphasis on experimental progresses. A general physical picture
based on the Landauer transport formalism is introduced to understand underlying mechanisms.
We show that the superior thermal conductivity of graphene is contributed not only by large ballistic
thermal conductance but also by very long phonon mean free path (MFP). The long phonon MFP,
explained by the low-dimensional nature and high sample purity of graphene, results in important
isotope effects and size effects on thermal conduction. In terms of various scattering mechanisms
in graphene, several approaches are suggested to control thermal conductivity. Among them, in-
troducing rough boundaries and weakly-coupled interfaces are promising ways to suppress thermal
conduction effectively. We also discuss the Seebeck effect of graphene. Graphene itself might not
be a good thermoelectric material. However, the concepts developed by graphene research might be
applied to improve thermoelectric performance of other materials.
I. INTRODUCTION
The Nobel Prize in Physics in 2010 was awarded to
Andre Geim and Konstantin Novoselov for their ground-
breaking experiments regarding graphene. Graphene is a
monolayer of carbon atoms arranged in a regular hexago-
nal lattice, representing the thinnest material that nature
can provide. The research interest of graphene has been
growing explosively in the recent years,1–4 as graphene
is of great importance to both fundamental research and
practical applications. Graphene is the first truly two-
dimensional (2D) material and provide an ideal play-
ground to study low-dimensional physics. Meanwhile
the existence of massless Dirac Fermions in graphene en-
ables a new paradigm of “relativistic” condensed-matter
physics.1–3 This unique material supports exceptional
properties that are useful for optics, electronics, mag-
netics, etc.1–4
Early-stage graphene research intensively focused on
electronic properties.1–3 In comparison, the study of ther-
mal properties begins later, but soon becomes an active
field4–12 after the first measurements of thermal con-
ductivity of graphene by Balandin et al. in 2008.13
Graphene offers new opportunities to the development
of thermal and thermoelectrics. Unusual thermal trans-
port phenomena and physics emerge in this unique 2D
system. Graphene has been experimentally shown to
have superior thermal conductivity.4 Furthermore, previ-
ous theoretical works predict that thermal conductivity
gets divergent with increasing transport length in low-
dimensional systems.14–21 In this context, it becomes fun-
damentally important to study the size-dependent behav-
iors and to find key factors that drive ballistic-diffusive
transition. Moreover, it is known that quantum ef-
fects become more important in low-dimensional systems
than three-dimensional (3D) systems. The 2D graphene
sheet or quasi one-dimensional (1D) graphene nanorib-
bons (GNRs)22–27 may support prominent quantum ef-
fects in thermal transport, like weak localization caused
by quantum interference. Last, but not least, the low di-
mension of graphene systems could significantly affect the
scattering strength of various scattering processes,28,29
leading to unusual thermal transport behaviors. All these
are issues of fundamental importance. The correspond-
ing research could help us to find approaches to effec-
tively control thermal conduction. As applications, ther-
mal conduction of materials can be improved for solv-
ing the serious heat dissipation and breakdown in ever-
smaller electronic devices,30–36 or suppressed for realizing
thermal insulation in high-power engines and also for en-
hanced thermoelectric efficiency.37,38
We review thermal and thermoelectric properties of
graphene, motivated by the exotic low-dimensional phe-
nomena and physics as well as the great potential for
applications.39–43 We will summarize the most recent ex-
perimental progresses, provide a general physical picture
on underlying mechanisms, and further suggest possible
ways to tune thermal and thermoelectric properties of
graphene as well as other materials.
2II. BASICS OF THERMAL TRANSPORT
Various theoretical approaches have been used to
study thermal transport in graphene, including molec-
ular dynamics (MD),44–48 Boltzmann transport equa-
tion (BTE),28,49–53 non-equilibrium Green’s function
(NEGF),47,54–58 and Landauer approach.54,55,59 Herein
we mainly introduce the Landauer approach, which is a
widely used theoretical tool for mesoscopic transport.60
The approach can be generally applied to investigate
ballistic-diffusive transport for systems from 1D to 3D.61
Importantly, it is conceptually simple, which enables us
to build a clear and general physical picture to under-
stand rich thermal transport phenomena in graphene.
In the Landauer transport formalism, the lattice ther-
mal conductance Kl is written as
Kl =
k2BT
h
∫ ∞
0
dx
x2ex
(ex − 1)2
T p(x), (1)
where kB is the Boltzmann constant, T is the absolute
temperature, h is the Planck constant, x = h¯ω/(kBT ),
h¯ is the reduced Planck constant, ω is the phonon fre-
quency, T p(x) ≡ T p(ω) is the phonon transmission
function.55 T p(ω) = Mp(ω)Tp(ω). The distribution of
phonon modes Mp(ω) counts the number of phonon
transport channels at a given frequency ω, which is equal
to the ballistic phonon transmission function. The trans-
mission probability Tp(ω) is equal to 1 in the ballistic
limit and λ(ω)/L in the diffusive limit, where λ(ω) is
the phonon mean free path (MFP) for backscattering.
When quantum interference effects are neglected, we get
a quasi-classical formula
Tp(ω) =
λ(ω)
λ(ω) + L
, (2)
where L is the transport length.61 The formula, which is
exact in both ballistic and diffusive limits, can be used to
describe the ballistic-diffusive transport.55 It is interest-
ing that the Landauer formula reproduces the BTE in the
diffusive limit.61,62 However, one should notice that the
MFPs used in the BTE and in the Landauer approach are
not exactly the same. The BTE uses a common MFP de-
fined as the average transport distance between two suc-
cessive scatterings. While the Landauer approach uses
the MFP for backscattering, since in the Landauer ap-
proach transport quantities are determined by transmis-
sion, to which only backscattering is related. If assuming
isotropic phonon bands, the ratio of backscattering MFP
to common MFP is 2, π/2 and 4/3 for 1D, 2D and 3D sys-
tems, respectively.62 Without specification, we will use λ
to denote the MFP for backscattering, which is the MFP
relevant to transport in the Landauer framework.
By assuming T p ≡ 1 in Equation (1), we get K0 =
π2k2BT/3h = (9.456×10
−13 WK−2)T . K0, called as ther-
mal conductance quantum, represents the maximum pos-
sible value of energy transported per conduction mode.
In contrast to electrical conductance quantum, thermal
conductance quantum is not a constant but proportional
to temperature. The existence of the quantum of ther-
mal conductance was theoretically predicted in 199863
and experimentally proved in 2000.64 Equation (1) shows
that thermal conductance is a weighted integration of
phonon transmission function. The weighting factor,
x2ex/(ex − 1)2, plays an essential role in determining
thermal conduction contribution. The factor is equal to
one at x = 0, decreases quickly with increasing x, and
becomes vanishingly small when x > 10. This tells us
that thermal conduction are mainly contributed by low
frequency phonons, and phonons with frequency higher
than 10kBT/h¯ have negligible contribution to thermal
conduction.
In theoretical calculations, Mp(ω) is determined from
phonon dispersion by counting transport channels. The
ballistic thermal conductance Kballl as a function of tem-
perature is then obtained from Equation (1). Thermal
transport studies usually use the approximation of con-
stant phonon MFP (λ(ω) ≡ λ), which does not rely on
any assumption about the possible dependence on tem-
perature of the phonon MFP. In this approximation, Kl
andKballl are related byKl = K
ball
l λ/(λ+L), which gives
Kdiffl = K
ball
l λ/L in the diffusive limit (L≫ λ). The lat-
tice thermal conductivity κl is defined as κl = KlL/A,
where A is the cross-sectional area. The diffusive κdiffl is
thus given by29,65
κdiffl = λK
ball
l /A. (3)
This is a very useful relation. As Kballl /A is easily
obtained by theoretical calculations and the diffusive
κdiffl is measured by experiments, the combined infor-
mation from theory and experiment determines λ, one of
the most important length scales in thermal transport.
Based on the estimated λ, we know that thermal trans-
port is ballistic if L≪ λ, or diffusive if L≫ λ, or in the
intermediate region otherwise.
Thermal conduction in graphene is mainly contributed
by lattice vibrations (i.e., phonons), and the contribu-
tion of electrons is expected to be negligible accord-
ing to theoretical calculations.59,66 Indeed, very recent
experiments67–69 showed electron thermal conductivity
is much less than total thermal conductivity (< 1%) in
suspended graphene. We thus focus on discussing the
lattice vibration contributed thermal conduction. Here-
after, without specification we simply use K and κ with-
out the subscript “l” to denote thermal conductance and
thermal conductivity of lattice vibrations.
III. EXPERIMENTAL METHODS
Measuring nanoscale thermal transport is quite
challenging due to high requirements of sample fabri-
cation and temperature sensing.75,76 So far, methods
used to probe thermal conduction in graphene in-
clude optothermal Raman thermometry,13,70,71,77–85
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FIG. 1. a) Schematic of the optothermal Raman thermometry set-up, where a graphene strip is suspended over a trench
and heated up by a focused laser light. Reproduced with permission.70 Copyright 2009, IOP. b) Schematic of the Raman
thermometry set-up with addition of a laser power meter to measure optical transmittance. Inset is the Raman G peak
map of graphene suspended over a circular hole. Reproduced with permission.71 Copyright 2010, ACS. c) Scanning electron
microscopy (SEM) image of micro-resistance thermometry device with SLG supported on a suspended SiO2 membrane between
thermometers. Scale bar is 3 µm. Reproduced with permission.72 Copyright 2010, AAAS. d) Optical image of bilayer graphene
(BLG) suspended over two thermometer pads. Scale bar is 10 µm. Reproduced with permission.73 Copyright 2011, ACS.
e) SEM image of a SiO2/Si-supported micro-resistance thermometry device to measure encased few-layer graphene (FLG).
Reproduced with permission.74 Copyright 2010, ACS. f) False-colored SEM image of a GNR array on SiO2/Si with micro-
resistance thermometers. Inset is a zoom-in atomic force microscopy (AFM) image of GNRs. Reproduced with permission.65
Copyright 2013, NPG.
thermoreflectance technique,86–89 3ω method,90 micro-
resistance thermometry,65,72–74,91–94 electrical self-
heating method,95,96 and scanning thermal microscopy
(SThM).97–99 Here we mainly discuss and compare two
techniques widely used to measure in-plane thermal
conductivity of graphene, i.e., optothermal Raman
thermometry and micro-resistance thermometry.
The optothermal Raman thermometry technique was
developed by Balandin et al.13 to measure suspended, mi-
crometer scale (> 2 µm) graphene. A laser light was
focused at the center of the suspended graphene flake
to generate a heating power PH and raise temperature
locally (Figure 1a and 1b). Meanwhile, the Raman
spectrum of graphene was recorded and the temperature
rise ∆T could be monitored by calibrating it with Ra-
man G peak position,13,70,71,77,78 2D peak position79–82
(only for monolayer), or Stokes/anti-Stokes ratio.83,84
By knowing the correlation between PH and ∆T , as
well as the geometry size of suspended graphene, its in-
plane thermal conductivity κ can be extracted through
the solution of the heat diffusion equation. The early
experiments13,70,77,78 were carried out on graphene strips
suspended over a trench (Figure 1a). This was modi-
fied in subsequent experiments71,79–83 by adopting circu-
lar holes with graphene over them (Figure 1b), which
matches with the radial symmetry of the laser spot
and allowed for an analytic solution of the temperature
distribution.8
A major source of uncertainty in different works using
the Raman thermometry technique is determining the
laser power absorbed by graphene, that is, determining
optical absorbance of graphene. Balandin et al.13 and
Ghosh et al.70,77,78 evaluated this number by comparing
the integrated Raman G peak intensity of graphene with
that of highly oriented pyrolytic graphite (HOPG), lead-
ing to ∼9% if converted to optical absorbance for exfoli-
ated single-layer graphene (SLG).8 The measured value
of∼9% considered two passes of light (down and reflected
back) and resonance absorption effects due to close prox-
imity of graphene to the substrate, and corresponded to
488-nm wavelength where absorption is higher than the
2.3% long-wavelength limit.100 Faugeras et al.,83 Lee et
al.,79 and Vlassiouk et al.84 did not measure the opti-
cal absorbance under the conditions of their experiments
and assumed a value of 2.3% for exfoliated SLG based on
a separate optical transmission measurement.100 Cai et
al.71 and Chen et al.80 obtained values of 3.3±1.1% and
3.4±0.7% for CVD SLG by directly measuring the optical
transmittance via addition of a power meter under the
suspended portion of graphene (Figure 1b). The used
optical absorbance is very important because it would
proportionally change extracted κ. We note that both
4theory101 and experiments102–104 showed an increase of
optical absorbance in graphene with decreasing laser
wavelength due to many-body effect, and the values of
Cai et al.71 and Chen et al.80 are consistent with those
experimental results. To obtain reliable κ, it is thus nec-
essary to measure optical absorbance under used laser
wavelength and specific experimental conditions.
Another uncertainty source is the calibration of tem-
perature with features of Raman spectrum. It is
known that strains and impurities in graphene can af-
fect the Raman peak positions and their temperature
dependence,105 which greatly limits the temperature sen-
sitivity of the Raman thermometry technique. In ad-
dition, heat loss from graphene to the surrounding air
was neglected in most experiments, but Chen et al.80
found that for a large diameter (9.7 µm) graphene flake,
the κ obtained in air could be overestimated by 14−40%
compared with the value obtained in vacuum. This im-
plies measurable errors in previous experiments, even
though the influence might be weaker due to smaller
sizes of measured graphene. Furthermore, extra uncer-
tainty could come from the difference in κ between sus-
pended and supported portions of graphene, as well as
thermal boundary resistance between graphene and sup-
porting substrates.71 Overall, the Raman thermometry
technique provides an efficient way to measure κ of sus-
pended graphene with benefits of relatively easy sample
fabrication, reduced graphene contamination, and sim-
ple data analysis, but it inevitably has limitations: (i)
relatively large uncertainty (up to 40%);4 (ii) difficulty
to probe the low temperature regime due to significant
heating in graphene by laser; (iii) inability to be applied
to nanometer scale or supported graphene, where edge
and interface will take effect.
The micro-resistance thermometry technique is a
steady-state method to directly probe heat flows in
materials.75 It is able to measure both suspended
and supported graphene, as well as at the nanometer
scale and in low temperature range, with high resolu-
tion of temperature by employing electrical resistance
as thermometers. This technique can be further di-
vided into two kinds: suspended bridge platform and
fully substrate-supported platform. The former was
first developed by Shi et al.106,107 to measure ther-
mal conductivity of 1D nanostructures, and it has been
widely used for nanotubes108–113 and nanowires.114–118
By using this platform, graphene can be either sup-
ported by a suspended SiO2/SiNx membrane connect-
ing two thermometers72,91–93 (Figure 1c) or fully sus-
pended over two thermometer pads73,92 (Figure 1d), en-
abling measurements of both suspended and supported
graphene. The fully substrate-supported platform was
developed by Jang et al.74 and Bae et al.,65 where at least
two thermometers were patterned on Si/SiO2-supported
graphene (Figure 1e) or GNRs (Figure 1f). In both
platforms, one thermometer serves as the heater to gener-
ate heating power PH and a temperature gradient across
graphene by electrical heating, meanwhile all thermome-
ters (including the heater) monitor temperature changes
∆T in terms of their electrical resistance changes. Then,
the thermal conductance/conductivity of measured ma-
terials can be extracted in a simple analytic way by solv-
ing its equivalent thermal resistance circuit for the sus-
pended bridge platform,106,107 while a complicated 3D
numerical (finite element) simulation has to be performed
for the substrate-supported platform due to significant
heat leakage into the substrate.65,74
Although the data extraction of the suspended bridge
platform is easier than that of the substrate-supported
platform, as a trade-off the sample fabrication is more
complicated for the former than the latter. Thus, for ma-
terials which are hard to be suspended, such as GNRs,
the latter is an advantageous method to be employed.
However, the measurable length of interested materi-
als cannot be longer than a few micrometer for the
substrate-supported platform, because the temperature
drops nearly exponentially away from the heater, lead-
ing to undetectable ∆T if other thermometers are far
away. It is worth noting that for the platform of graphene
supported by a suspended membrane (Figure 1c) and
the substrate-supported platform (Figure 1e and 1f),
a control experiment has to be carried out by etching
off graphene/GNRs and repeating measurements to cal-
ibrate the background heat flow and thermal contact re-
sistance between graphene and thermometers.65,72,74,91
This improves the measurement accuracy. Whereas, for
the platform of graphene fully suspended (Figure 1d)
such a control experiment cannot be performed, so the
thermal contact resistance could be a main source of un-
certainty in results. Overall, the micro-resistance ther-
mometry technique has very high resolution of temper-
ature (< 50 mK)4,8 and can cover a wide temperature
range. It can probe both suspended and supported
graphene, as well as in nanometer scale. However, at-
tention should be paid to micro/nanofabrication, which
could introduce contaminations (like residues and de-
fects) and increase the uncertainty.73
IV. INTRINSIC THERMAL CONDUCTIVITY
OF GRAPHENE
In this section, we mainly discuss the “intrinsic” ther-
mal conductivity of SLG based on experimental results
and theoretical analysis. Here, by “intrinsic” we mean
isolated, large scale, pristine graphene without suffering
impurity, defect, interface, and edge scatterings, so its
thermal conductivity is only limited by intrinsic phonon-
phonon scattering due to crystal anharmonicity4 and
electron-phonon scattering. In experiments, suspended,
micrometer scale graphene samples have properties close
to intrinsic ones. We thus first summarize current exper-
imental observations of κ in suspended SLG, then discuss
the underlying physical origins of high thermal conduc-
tivity in graphene.
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FIG. 2. a) Experimental thermal conductivity κ as a function of temperature T : representative data for suspended CVD SLG
by Chen et al.80 (solid red square), suspended exfoliated SLG by Lee et al.79 (solid purple asterisk) and Faugeras et al.83 (solid
brown pentagon), suspended SLG by Dorgan et al.95 (solid grey hexagon), suspended exfoliated BLG by Pettes et al.73 (solid
orange diamond), supported exfoliated SLG by Seol et al.72 (solid black circle), supported CVD SLG by Cai et al.71 (solid blue
right-triangle), encased exfoliated 3-layer graphene (3LG) by Jang et al.74 (solid cyan left-triangle), supported exfoliated GNR
ofW ≈ 65 nm by Bae et al.65 (solid magenta square), type IIa diamond119 (open gold diamond), graphite in-plane119 (open blue
up-triangle), graphite cross-plane (open blue down-triangle), suspended single-walled CNT (SWCNT) by Pop et al.120 (open
dark-green circle), and multi-walled CNT (MWCNT) by Kim et al.108 (solid light-green circle). b) Thermal conductance per
unit cross-sectional area, K/A = κ/L, converted from thermal conductivity data in a), compared with the theoretical ballistic
limit of graphene (solid line), which can be approximated analytically as Kball/A ≈ [1/(4.4 × 105T 1.68) + 1/(1.2 × 1010)]−1
Wm−2K−1 over the temperature range 1−1000 K.65 Data in a) whose sample L is unknown or not applicable are not shown
in b).
A. Experimental Results
Using the Raman thermometry technique described
above, suspended micro-scale graphene flakes obtained
by both exfoliation from graphite13,70,77–79,83 and CVD
growth71,80–82,84 have been measured at room tempera-
ture and above. Some representative data versus tem-
perature from these studies are shown in Figure 2a.
The obtained in-plane thermal conductivity values of
suspended SLG generally fall in the range of ∼2000-
4000 Wm−1K−1 at room temperature, and decrease
with increasing temperature, reaching about 700-1500
Wm−1K−1 at ∼500 K. The variation of obtained val-
ues could be attributed to different choices of graphene
optical absorbance (see Section III), thermal contact re-
sistance, different sample geometries, sizes, and quali-
ties. For comparison, we also plot the experimental ther-
mal conductivity of diamond,119 graphite,119 and carbon
nanotubes (CNTs)108,120 in Figure 2a. It is clear that
suspended graphene has thermal conductivity as high
as these carbon allotropes near room temperature, even
higher than its 3D counterpart, graphite, whose high-
est record of observed in-plane κ in HOPG is ∼2000
Wm−1K−1 at 300 K. The presently available data of
graphene based on the Raman thermometry technique
only cover the temperature range of ∼300-600 K, except
one at ∼660 K reported by Faugeras et al.83 showing κ ≈
630 Wm−1K−1. For higher temperature, Dorgan et al.95
used the electrical breakdown method for thermal con-
ductivity measurements and found κ ≈ 310Wm−1K−1 at
1000 K for suspended SLG. The overall trend of present
graphene data from 300 K to 1000 K shows a steeper
temperature dependence than graphite (see Figure 2a),
consistent with the extrapolation of thermal conductivity
by Dorgan et al.95 This behavior could be attributed to
stronger second-order three-phonon scattering (τ ∼ T−2)
in graphene than graphite enabled by the flexural (ZA)
phonons of suspended graphene,121 similar to the obser-
vations in CNTs.120,122 For temperature below 300 K, the
micro-resistance thermometry technique needs to be em-
ployed for κmeasurements. Unfortunately, there is no re-
liable data for suspended single-layer graphene until now.
However, data do exist for suspended few -layer graphene
(FLG),73,92,94 which will be discussed in Section VE. It
is instructive to compare experimental results with the
ballistic limit of graphene as a check, so we convert mea-
sured κ in Figure 2a to thermal conductance per unit
cross-sectional area, K/A = κ/L, which are re-plotted
in Figure 2b with graphene Kball/A (discussed in the
next section). Above room temperature, measured K/A
of suspended SLG are more than one order of magni-
tude lower than Kball/A, indicating the diffusive regime.
The reason that the value of Faugeras et al.83 is much
lower than others is because of a much larger L = 22 µm
(radius) of their suspended graphene.
6B. Ballistic Thermal Conductance
Graphene has been demonstrated experimentally to
possess very high thermal conductivity.4,7–9 What distin-
guishes graphene from conventional materials in thermal
conduction? What is the underlying mechanism to the
superior thermal transport ability of graphene?
According to Equation (3), two mechanisms could in-
duce high κ: (i) large ballistic thermal conductance per
unit area Kball/A and (ii) long phonon MFP λ. It is
crucial to distinguish the two possibilities, which lead
to essentially different strategies to tune thermal con-
duction in graphene. If graphene has a superiorly large
Kball/A, κ would keep large in small samples. While, if
λ of graphene is extraordinarily long, κ would exhibit a
strong size dependence, and thermal transport in small
samples is ballistic or quasi-ballistic, accompanied by a
small κ that can be enhanced by increasing L. In this
context, it becomes important to calculate ballistic ther-
mal conductance.
Let us first look at the phonon dispersion of graphene
(see Figure 3a), which was discussed previously, for in-
stance, in Refs. 126 and 127. Graphene has two carbon
atoms in a unit cell, resulting in six phonon bands: three
acoustic and three optical bands. These include in-plane
transverse acoustic (TA) and optical (TO) modes, in-
plane longitudinal acoustic (LA) and optical (LO) modes,
and out-of-plane acoustic (ZA) and optical (ZO) modes.
For graphene, phonon bands are very dispersive, and the
maximal phonon frequency ωmax is about 1600 cm
−1,
which is quite high compared to other materials (e.g.,
ωmax ∼ 500 cm
−1 in silicon128). These features, ex-
plained by the strong sp2 bonds and the light atomic
mass of graphene, are favorable for thermal conduction.
The ballistic thermal conductance of graphene has
been discussed previously based on empirical force
field.59,65,129 Here we combine density function theory
and Landauer approach to calculate Kball/A of graphene
as a function of temperature, getting results consistent
with previous work.59,65,129 Herein A =Wδ, where W is
the width, and δ = 0.335 nm is the the effective thickness
selected as the layer separation in graphite. As shown in
Figure 3b, Kball/A is zero at T = 0 K and increases
monotonically with temperature. It is as large as 4.2×109
Wm−2K−1 at T = 300 K. The same value has been ob-
tained for GNRs with zigzag edges.54
At this point, it is worthwhile to compare Kball/A
between graphene and other materials. The room-
temperature Kball/A is around 1.0 ×109 Wm−2K−1 in
silicon,130 smaller than that of graphene but on the same
order. It decreases one order of magnitude in Bi2Te3 to
around 1.0 ×108 Wm−2K−1.130 Moreover, we compute
the ballistic thermal conductance for a newly found 2D
topological insulator material, fluorinated stanene (Sn-
F), which is a monolayer tin (Sn) film in a honeycomb
lattice decorated by fluorine.131 We choose to compare
Kball/W between 2D materials for avoiding selecting a
somewhat arbitrary thickness. At room temperature,
Kball/W of graphene is 1.4 Wm−1K−1, and that of Sn-F
is 0.14 Wm−1K−1, one order of magnitude smaller.
We suggest a simple way to estimate ballistic thermal
conductance of materials, by defining a scaled ballistic
thermal conductance K
ball
= Kball/(AK0), where K0 is
the thermal conductance quantum and is proportional
to T . This is based on the observation that Kball/A is
roughly proportional to T in a wide temperature range
around room temperature (e.g., between 100 K and 500
K), as evidenced by calculations for graphene (see the in-
set of Figure 3b), Sn-F (data not shown), silicon.130 and
Bi2Te3.
130 In graphene, K
ball
is about 1019 m−2 around
room temperature. The value generally decreases when
the material compositions change from light to heavy el-
ements. Importantly, the possible decrease is typically
equal to or less than one order of magnitude. We get
K
ball
∼1018-1019 m−2, which depends insensitively on
materials type and temperature (around room temper-
ature). This information on the one hand helps us es-
timate materials ballistic thermal conductance, on the
other hand indicates that graphene, if used as a ballis-
tic thermal conductor, is not orders of magnitude better
than conventional materials, like silicon.
C. Phonon Mean Free Path and Scattering
Graphene indeed shows better capability on ballis-
tic thermal conduction than other materials, due to its
strong chemical bond and light atomic mass. However,
the moderate enhancement in Kball/A alone does not
explain the superior thermal conductivity of graphene.
This leads us to analyze the phonon MFP. We estimate
the room-temperature λ of graphene using Equation (3)
and compare with other materials. For freely suspended
graphene, κ is typically about 2000-4000 Wm−1K−1 in
experiments,4,7–9 leading to backscattering MFP λ ∼
500− 1000 nm (or ∼ 300− 600 nm for common MFP).65
For silicon, the experimental κ is 150 Wm−1K−1, and
we obtain λ ∼ 150 nm. For Bi2Te3, experimental κ is
about 1.5 Wm−1K−1,132 giving λ ∼ 15 nm. The results
show that the room-temperature λ of graphene is about
5 times higher than that of silicon and 50 times than that
of Bi2Te3.
Naturally we would ask: why does graphene support a
long phonon MFP? To answer this question, let us first
look at how phonon MFP or scattering time τ is deter-
mined. The quantities λ and τ are controlled by various
scattering processes. According to the nature of scatter-
ing, the processes are classified into groups: (i) geomet-
ric scattering and (ii) many-body scattering.29 The for-
mer group includes scattering processes caused by struc-
tural imperfections, such as defect scattering, bound-
ary scattering, interface scattering, and isotope scatter-
ing. The latter group comprises scattering processes in-
duced by interactions with quasi-particles or collective
excitations, like electron-phonon scattering and phonon-
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FIG. 3. a) Phonon dispersion of graphene computed by density functional theory using the Perdew-Burke-Ernzerhof-type
exchange-correlation functional123 in the generalized-gradient approximation as implemented in the VASP code.124 Note that
the ZA mode of graphene should have a quadratic dispersion near the Γ point, which is not the case here because the rotational
symmetry is broken by numerical errors of first principles calculations.125 Such an inaccuracy, however, has minor influence on
calculating ballistic thermal conductance according to our tests. b) The ballistic thermal conductance per unit cross-sectional
area Kball/A of graphene as a function of temperature T . The inset shows Kball/A scaled by thermal conductance quantum
K0.
phonon scattering. A major difference between these two
groups is that the temperature dependence of τ is usu-
ally unimportant in geometric scattering, but becomes
significant in many-body scattering. If assuming that
scattering processes are independent of each other and
each type of scattering contributes τi, the total τ is give
by Matthiessen’s rule 1/τ =
∑
i
1/τi.
Then we come back to the case of graphene. Dis-
tinct from conventional materials, graphene has a unique
low-dimensional structure, allowing phonons transport-
ing freely within the 2D plane. Moreover, graphene pos-
sesses chemical bonds among the strongest in nature,
with the sp2 bonds even stronger than the sp3 bonds
in diamond.9 These characteristics lead to long phonon
MFP in graphene, explained by several mechanisms.29
First, the dimensionality of transport systems plays
an essential role in thermal conduction. It is known that
many-body scattering, like electron-phonon and phonon-
phonon scatterings, must satisfy the momentum and en-
ergy conservation laws. The satisfaction would be more
difficult in systems of lower dimension, because less ini-
tial and final states are available for scattering in the
phase space.28,133 As a result, the scattering rate de-
creases considerably in low-dimensional systems. Inter-
estingly, previous works show that the intrinsic κ diverges
in 1D and 2D systems,14,15 which questions the validity
of Fourier’s law. Continuing efforts have been devoted to
this subject,14–21,111 but whether Fourier’s law works for
low-dimensional systems or not remains an open ques-
tion. Graphene is an ideal playground to study this fun-
damental problem. The existing experiments find very
long but not infinite phonon MFP in graphene. How-
ever, to check the divergence of intrinsic κ, further stud-
ies on size effects in large and pure graphene samples are
required.
Second, high-quality graphene samples can be realized
in experiments, leading to weak defect scattering. It is
known that the formation of structural defects (like va-
cancies, substitutions, and grain boundaries) costs en-
ergy to break chemical bonds between adjacent atoms.
In graphene, the sp2 bond is very strong, with a bonding
energy of 5.9 eV.9 This results in high defect formation
energy and thus low defect concentrations in experimen-
tal samples.
Third, thermal transport in graphene is insensitive
to structural deformation that preserves the sp2 bond-
ing configuration. Although most studies assume that
graphene is atomically flat, the strictly 2D crystal could
not exist in nature according to the arguments of Lan-
dau and Peierls.1 In fact, ripples develop in graphene
to make the system thermodynamically stable.134 More-
over, graphene samples in experiments are often sup-
ported by substrates, which could exert strains on
samples. The corrugation and strain inevitably scat-
ter phonons and lower thermal conducting ability of
graphene.47,135 However, recent studies on corrugated
CNTs136 and CNT-GNR interfaces137 find that a strong
structural deformation, if the sp2 bonding configuration
is preserved, could be viewed as a perturbation to the
transport of most low-frequency phonons, leading to a
slight decrease in thermal conductance. The same con-
clusion should be also valid for graphene, which belongs
to the sp2 bonding systems as well.
In short summary, we have discussed various types of
scattering events in graphene, including electron-phonon
scattering, phonon-phonon scattering, defect scattering,
and structural-distortion induced scattering. They all
could be rather weak in graphene, due to the unique 2D
planar structure and strong sp2 bonding configuration.
This explains the very long phonon MFP of graphene.
8V. EXTRINSIC THERMAL CONDUCTIVITY
OF GRAPHENE
The long phonon MFP in pristine graphene would
suggest that it is possible to tune thermal conductivity
more effectively by introducing extrinsic scattering mech-
anisms which dominate over intrinsic scattering mech-
anisms in graphene. For example, isotope scattering,
normally unimportant with respect to other scattering
processes, could become significant in graphene thermal
conduction. It could be easier to observe size effects on
thermal transport in graphene because samples do not
have to be extremely shrunk. In the following, we dis-
cuss various scattering mechanisms and their influences
on thermal conduction separately, giving rise to tunable
extrinsic thermal conductivity of graphene.
A. Isotope Effects
The knowledge of isotope effects on thermal trans-
port properties is valuable for tuning heat conduction
in graphene. Natural abundance carbon materials are
made up of two stable isotopes of 12C (98.9%) and 13C
(1.1%). Changing isotope composition can modify dy-
namic properties of crystal lattices and affect their ther-
mal conductivity.141,142 For instance, it has been found
that at room temperature isotopically purified diamond
has a thermal conductivity of ∼3300 Wm−1K−1,143,144
about 50% higher than that of natural diamond, ∼2200
Wm−1K−1.119 Similar effects have also been observed in
1D nanostructures, boron nitride nanotubes.110 Very re-
cently, the first experimental work to show the isotope
effect on graphene thermal conduction was reported by
Chen et al.81 By using the CVD technique, they syn-
thesized isotopically modified graphene containing vari-
ous percentages of 13C. The graphene flakes were subse-
quently suspended over 2.8-µm-diameter holes and ther-
mal conductivity was measured by the Raman thermom-
etry technique. As shown in Figure 4a, compared with
natural abundance graphene (1.1% 13C), the κ values
were enhanced in isotopically purified samples (0.01%
13C), and reduced in isotopically mixed ones (50% 13C).
Isotope effects influence thermal conduction in two as-
pects: (i) modify phonon dispersion and (ii) introduce
isotope scattering. We will analyze the two contributions
separately for graphene.
Figure 5a shows phonon dispersions for graphene sys-
tems comprising isotopically pure 12C and 13C. The re-
placement of 12C by 13C lowers frequencies of phonons.
Such effects are negligible for low-frequency acoustic
modes and become noticeable for high-frequency optical
modes. In contrast, no observable frequency shift hap-
pens when varying the 13C isotope concentration from
0 to the natural abundance of 1.1% (see Figure 5a and
Figure 3a).
The isotope-induced frequency shift can be detected
by Raman experiments. Two types of Raman peaks are
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FIG. 4. a) Thermal conductivity of suspended CVD graphene
as a function of temperature for different 13C concentrations,
showing isotope effect. Reproduced with permission.81 Copy-
right 2012, NPG. b) Thermal conductivity of suspended CVD
graphene with (red down-triangle) and without (blue up-
triangle) wrinkles as a function of temperature. Also shown in
comparison are the literature thermal conductivity data of py-
rolytic graphite samples.138–140 Inset shows the SEM image
of CVD graphene on the Au-coated SiNx holey membrane.
The red arrow indicates a wrinkle. Scale bar is 10 µm. Re-
produced with permission.82 Copyright 2012, IOP.
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FIG. 5. a) Phonon dispersion and b) Kball/A as a function
of T for graphene systems comprising isotopically pure 12C
(blue solid line) and 13C (red dashed line).
measured in graphene: the G peak corresponding to the
doubly degenerated LO and TO mode at the Γ point (E2g
symmetry), and the 2D peak associated with the TO
phonons nearby the K point.145,146 As shown in Figure
5a, when changing the atomic mass M from 12 to 13,
the TO and LO modes at the Γ point shift from 1561 to
91500 cm−1, and the TO mode at the K point shifts from
1321 to 1269 cm−1. It is known that the frequency of
optical phonons at the Γ point is proportional to M−1/2.
This tells us that the frequency would decrease by 1 −√
12/13 ≈ 4% when varying M from 12 to 13. Both
calculations predict a red shift of 61 cm−1 in the G peak,
in good agreement with experiment (about 64 cm−1).81
The isotope-induced change in phonon dispersion may
affect ballistic thermal conductance. To see the effects,
we calculateKball/A as a function of T for graphene with
M = 12 and 13, and present the results in Figure 5b. In-
terestingly, the two different M give essentially the same
Kball/A. This is easy to understand in the Landauer pic-
ture. The isotope-induced frequency shifts are small in
magnitude and are limited to the high-frequency region.
Both features, independent of materials types, result in
minor changes in Kball/A. The unimportant isotope ef-
fect onKball/A should apply generally to other materials.
This implies that the isotope-induced change in thermal
conductivity comes from isotope scattering.
Isotope impurities as point defects are characterized
by foreign atoms with Mi different from host atoms.
The variance in atomic mass causes phonon scatter-
ing, which is usually described as Rayleigh scattering.
The scattering rate is 1/τi ∝ (δM)
2/λαw, where δM =
1 − Mi/M , M is the average atomic mass, λw is the
phonon wavelength, and the exponent α = 3(4) for
2D (3D) systems.147–149 The formula states that isotope
scattering mainly influences short-wavelength phonons,
keeping long-wavelength phonons unaffected. The iso-
tope scattering has minor influence on thermal conduc-
tion at very low temperatures when only low-frequency
acoustic phonons are thermally excited, as well as at very
high temperatures when electron-phonon and phonon-
phonon interactions dominate phonon scattering. The
isotope scattering could affect thermal conduction signif-
icantly provided that other scattering processes are rela-
tively weak. For graphene, we expect important isotope
effects on thermal conductivity in high-quality samples
of large grains at intermediate temperatures.
The above theoretical picture is well supported by the
experiment by Chen et al.,81 whose main results are
shown in Figure 4a. They measured graphene samples
with the 13C isotope concentration ρ = 0.01%, 1.1%,
50% and 99.2%, and found that the room-temperature
κ is about 4419, 2792, 2197 and 2816 Wm−1K−1, respec-
tively. κ of the natural abundance ρ = 1.1% is close
to that of ρ = 99.2%. While κ is insensitive to the av-
erage atomic mass, it can be tuned largely by varying
the concentration of isotope impurity. Compared to the
natural abundance system, room-temperature κ is low-
ered by 21% when increasing ρ to 50%, and enhanced
by 58% when decreasing ρ to 0.01%. The enhancement
becomes smaller with increasing temperature, as other
scattering processes (like many-body scattering) become
dominated. At T ≈ 450 K, κ of ρ = 0.01% is about 2000
Wm−1K−1, 25% higher than that of ρ = 1.1%.
Then we compare graphene with other materials. At
room temperature, the isotopic enrichment induced en-
hancement of κ in graphene (58%) is comparable to those
obtained in diamond (50%)143,144 and boron nitride nan-
otubes (50%),110 and larger than those achieved in silicon
(10%)150 and germanium (30%).151 The large enhance-
ment of diamond and boron nitride nanotubes, as for
graphene, is presumably because the experimental sam-
ples have low defect concentrations. It is known that iso-
tope scattering would be overridden by other defect scat-
tering processes in samples with high defect concentra-
tions. The observation of large isotope effects on thermal
conductivity could serve as an indication of high sample
quality.
B. Structural Defect Effects
Structural defects are common in fabricated graphene,
especially in CVD grown graphene.152,153 The effects of
wrinkles82 and grain size84 on the thermal conduction of
suspended single-layer CVD graphene have been exam-
ined in experiments by using the Raman thermometry
technique. Chen et al.82 found that the thermal con-
ductivity of graphene with obvious wrinkles (indicated
by arrows in the inset of Figure 4b) is about 15-30%
lower than that of wrinkle-free graphene over their mea-
sured temperature range, ∼330-520 K (Figure 4b). Vlas-
siouk et al.84 measured suspended graphene with differ-
ent grain sizes obtained by changing the temperature of
CVD growth. The grain sizes ℓG were estimated to be
150 nm, 38 nm, and 1.3 nm in different samples in terms
of the intensity ratio of the G peak to D peak in Ra-
man spectra.154 Since grain boundaries in graphene serve
as extended defects and scatter phonons, graphene with
smaller grain sizes are expected to suffer more frequent
phonon scattering. Their measured thermal conductiv-
ity does show a decrease for smaller grain sizes, indicat-
ing the observation of the grain boundary effect on ther-
mal conduction. Whereas, the dependence on the grain
size shows a weak power law, κ ∼ ℓ
1/3
G , for which there
is no theoretical explanation yet.84 However, for SiO2-
supported graphene, recent theoretical work based on
NEGF method showed a similar but stronger dependence
of κ on the grain size ℓG in the range of ℓG < 1 µm.
58 Fur-
ther experimental studies are required to reveal the grain
size effects on the thermal transport of both suspended
and supported graphene.
Point defect scattering is usually described as Rayleigh
scattering, which as shown above mainly affects trans-
port of short-wavelength phonon modes. The influ-
ence of point defects on thermal transport has been
extensively studied in theoretical works for various
types of defects in graphene, including Stone-Wales
defects,155–157 substitutional defects,56,158 and vacan-
cies.56,155,156,159 In contrast, extended defects attracted
less attention,57,58,160,161 although in experiments they
ubiquitously exist probably caused by substrate imper-
fections or kinetic factors162,163 and can be precisely
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controlled nowadays.164 Distinct from point defects, ex-
tended defects could induce a significant suppression of
phonon transmission in a wide frequency range, leading
to a large decrease in thermal conductance.58,161 While
the defect-induced thermal conductance reduction mod-
erately changes with varying defect types, it sensitively
depends on the orientation between the extended defect
and the transport direction.161
C. Substrate Effects in Supported Graphene
For practical applications, graphene is usually attached
to a substrate in electronic and optoelectronic devices, so
it is important to understand substrate effects on thermal
properties of supported graphene.45,165–167 Seol et al.72,91
measured exfoliated SLG on a 300 nm thick SiO2 mem-
brane by using the micro-resistance thermometry tech-
nique with the suspended bridge platform (Figure 1c).
The observed thermal conductivity is κ ∼600 Wm−1K−1
near room temperature (solid black circles in Figure 2a).
This value is much lower than those reported for sus-
pended SLG via the Raman thermometry technique, but
is still relatively high compared with those of bulk sili-
con (∼150 Wm−1K−1) and copper (∼400 Wm−1K−1).
Another study by Cai et al.71 showed CVD SLG sup-
ported on Au also has a decreased thermal conductiv-
ity, ∼370 Wm−1K−1 (this lower value compared to ∼600
Wm−1K−1 could be caused by grain boundary scatter-
ing in CVD graphene58). The thermal conductivity re-
duction in supported graphene is attributed to substrate
scattering, which strongly affects the out-of-plane flexu-
ral (ZA) mode of graphene.45,72,168 This effect becomes
stronger in encased graphene, where graphene is sand-
wiched between bottom and top SiO2. The thermal con-
ductivity of SiO2-encased exfoliated SLG was measured
to be below 160 Wm−1K−1, reported by Jang et al.74
using the micro-resistance thermometry technique with
the substrate-supported platform (Figure 1e). For en-
cased graphene, besides the phonon scattering by bot-
tom and top oxides, the evaporation of top oxide could
cause defects in graphene, which can further lower ther-
mal conductivity. Knowing encased graphene κ is use-
ful for analyzing heat dissipation in top-gated graphene
devices. Similar to suspended graphene, the intrinsic
phonon MFP for supported graphene can be estimated
based on Equation (3). Since the graphene flakes mea-
sured by Seol et al.72,91 are very long (∼10 µm) and
relatively wide (1.5 − 3.2 µm), approaching the diffu-
sive regime, their values could be treated as κdiff for
supported graphene. Combined with Kball/A ≈ 4.2
GWm−2K−1 at 300 K,54,58,65 the backscattering λ of
supported graphene is about 140 nm (or ∼ 90 nm for
common MFP).65
FIG. 6. The ballistic thermal conductance per unit area
Kball/A at 300 K versus width (W ) for zigzag GNRs
(ZGNRs), armchair GNRs (AGNRs), armchair CNTs (AC-
NTs) and zigzag CNTs (ZCNTs). The inset shows Kball/A
for ZGNRs and AGNRs with the width varying from 0.5 to
35 nm. The lines are drawn to guide the eyes. Reproduced
with permission.54 Copyright 2009, AIP.
D. Size Effects and Boundary Scattering
In macroscopic bulk materials, thermal conductance
satisfies Fourier’s scaling law in the diffusive region,
K = κA/L, where κ is an intrinsic material property,
independent of system size. The scaling law could break
down in nanostructures caused by two mechanisms: (i)
thermal transport is not diffusive; and (ii) boundary ef-
fects become important.
For non-diffusive transport, κ becomes length depen-
dent. It is proportional to L as κball = (Kball/A)L in
the ballistic limit, gets saturated in the diffusive limit,
and typically grows gradually with increasing L in the
intermediate region. When quantum interference effects
become important, phonons may transport in the local-
ization region, accompanied by an exponentially decayed
transmission. The localization effects, however, are diffi-
cult to observe in experiments, since thermal conduction
is contributed by many phonon modes, whose localiza-
tion lengths are strongly frequency dependent.169
In nanostructures, boundary effects cannot be ne-
glected, and κ gets dependent on A. Kball/A is no
longer constant as in the bulk but dependent on A due
to boundary effects, and λ also depends on A because
the strength of boundary scattering varies with A. A
previous work systematically studied Kball/A of GNRs
with different ribbon widths W and edge shapes using
the NEGF method.54 The main results are shown in
Figure 6. As W increases, Kball/A has a signifiant de-
crease whenW < 2 nm and changes slowly withW when
W > 2 nm. The room-temperature Kball/A of GNRs
with zigzag edges is about 4.2× 109 Wm−2K−1, close to
those of graphene and CNTs.129 In contrast, GNRs with
armchair edges have obviously lower Kball/A, displaying
an interesting anisotropy in ballistic thermal conduction.
The anisotropy can be as large as 30%, which could be
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further enhanced by modifying the edge shape.161 The
anisotropicKball/A generally exists in narrow GNRs and
is expected to disappear when W > 100 nm. Consider-
ing that graphene, as their bulk counterpart, is isotropic
in thermal conduction (basal-plane), such an anisotropy
obviously comes from boundary effects, which could be
very long-range for phonon transport. We expect sim-
ilar anisotropy in other materials. Anisotropic ballis-
tic thermal conduction is also found in silicon nanowires
(SiNWs) but was explained by the anisotropy of the bulk
phonon dispersion.170
In practice edges of graphene samples are not atom-
ically regular but rather rough. The edge roughness
causes phonon scattering and decreases κ. The phonon
MFP associated with boundary scattering generally is
described as λB = D(1 + p)/(1 − p).
4,28,171 D is the di-
mension of the sample perpendicular to the transport di-
rection, and D =W for GNRs here. p is an empirical pa-
rameter defined as the probability of specular scattering
at the boundary. In the extremely rough limit (p = 0),
λB = D, corresponding to fully diffusive scattering at the
boundary. In general, p is determined by the roughness
of boundary and is between 0 and 1.
Boundary scattering could be a dominated scattering
process in nanostructures, although it is usually unim-
portant in large samples. Silicon serves as an excel-
lent example on this aspect. Bulk silicon has a large
room-temperature κ of 150 Wm−1K−1 and λ ∼ 150
nm as shown above. When nanostructuring silicon into
nanowires, κ decreases seriously with respect to the bulk
counterpart by about 100 fold.114–116 As Kball/A is very
similar between bulk130 and nanowires,170 SiNWs actu-
ally have λ about 100-fold smaller than the bulk. The
results are quite amazing. By simply nanostructuring
the material, thermal conductivity can be lowered or-
ders of magnitude. This has strong implications to ther-
moelectrics. For instance, the thermoelectric figure of
merit improves by 100 times through nanostructuring sil-
icon into SiNWs, mainly contributed by the decrease of
κ.115,116
By developing the substrate-supported thermometry
platform (Figure 1f), Bae et al.65 for the first time
measured the size effects on thermal transport in SiO2-
supported, exfoliated graphene whose length and width
are comparable to phonon MFP (λ ∼ 140 nm as shown
above). The obtained room temperature κ of 260-nm-
long graphene is ∼320 Wm−1K−1, obviously lower than
that of ∼10-µm-long graphene reported by Seol et al.72
(Figure 7a). The data from these two studies can be
captured by the simple model of length-dependent ther-
mal conductivity65,172
κ(L) = [
1
(Kball/A)L
+
1
κdiff
]−1, (4)
with choices of simulated κdiff for SiO2-supported
graphene by Seol et al.72 (see Figure 7b). As shown
in Figure 7c, the corresponding thermal conductance
per unit cross-sectional area, K/A = κ/L reaches ∼30-
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FIG. 7. a) Thermal conductivity vs. temperature for SiO2-
supported GNRs65 (L ≈ 260 nm, W as listed), “short” but
wide graphene65 (L ≈ 260 nm, W ≈ 12 µm), and “large”
graphene72 (L ≈ 10 µm, W ≈ 2.4 µm). b) Thermal conduc-
tivity reduction with length for “wide” graphene (W ≫ λ),
compared to the ballistic limit (κball = KballL/A) at several
temperatures. Symbols are data from “short” and “large”
samples. Solid lines are model from Equation (4). c) Ther-
mal conductance per unit cross-sectional area (K/A) for the
same samples as in a). The short but wide graphene sample
attains up to 35% of the theoretical ballistic heat flow limit,
Kball/A. d) Thermal conductivity reduction with width for
GNRs, all with L ≈ 260 nm. Solid symbols are experimental
data from a), open symbols are interpolations for the listed
temperature; lines are fitted model from Equation (5). Re-
produced with permission.65 Copyright 2013, NPG.
35% of theoretical ballistic upper limit Kball/A up to
room temperature for 260-nm-long graphene, indicating
the quasi-ballistic transport (L ∼ λ). The ballistic per-
centage is consistent with a simple estimation of trans-
mission probability, λ/(λ+L), using sample length L and
back-scattering MFP λ ∼ 140 nm for SiO2-supported
graphene. This is the first time of observing quasi-
ballistic thermal transport at room temperature in any
materials, enabled by the relatively large phonon MFP
of graphene. Previous observations of ballistic thermal
transport were only at very low temperature (∼1 K).64
Bae et al.65 further etched short (L ∼260 nm) graphene
into arrays of nanoribbons (Figure 1f), whose widthW ≈
45-130 nm, comparable to λ (∼140 nm). The observed
thermal conductance changes back to the diffusive regime
gradually as the GNR width decreases from ∼130 nm to
∼45 nm (Figure 7c), correspondingly κ decreases from
320 to 80 Wm−1K−1 at room temperature (Figure 7a),
due to increased edge scattering in narrower GNRs. Ex-
perimental κ versus W can be fitted with an empirical
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model65
κeff(W,L) = [
1
c
(
∆
W
)n +
1
κ(L)
]−1, (5)
where ∆ is the root-mean-square (r.m.s.) edge rough-
ness and κ(L) is given by Equation (4) and Figure
7b. As shown by the solid lines in Figure 7d, the
best-fit exponent n for all listed temperatures is 1.8 ±
0.3, and this nearly W 2 dependence in edge-limited
regime is consistent with previous findings for rough
nanowires.117,173–175 The simple model appears to be a
good approximation in a regime with ∆ ≪ W , but it
is likely to change in a situation with extremely rough
edges, where the roughness correlation length118 and
phonon localization176 could also play an important role.
Thus, deeper understandings of W and ∆ scalings due
to edge-roughness scattering still require further theoret-
ical studies and experimental observations. It is worth
noting that through the electrical breakdown measure-
ment on GNRs derived from unzipped CNTs,177–180 Liao
et al.181 was able to estimate GNR κ, and their values
are slightly higher than those of Bae et al.65 for simi-
lar widths. Considering that CNT-unzipped GNRs have
smoother edges,177,178 the two studies are essentially con-
sistent.
E. Interlayer Effects in Few-Layer Graphene
Interlayer scattering as well as top and bottom bound-
ary scattering could take place in few-layer graphene,
which could be another mechanism to modulate graphene
thermal conductivity. It is interesting to investigate the
evolution of the thermal conductivity of FLG with in-
creasing thickness, denoted by the number of atomic lay-
ers (n), and the critical thickness needed to recover the
thermal conductivity of graphite.
Several experimental studies on this topic have been
conducted for encased,74 supported,93 and suspended
FLG,78,94 and their results are summarized in Figure
8. Jang et al.74 measured the thermal transport of SiO2-
encased FLG by using the substrate-supported, micro-
resistance thermometry platform (Figure 1e). They
found that the room-temperature thermal conductivity
increases from ∼50 to ∼1000 Wm−1K−1 as the FLG
thickness increases from 2 to 21 layers, showing a trend to
recover natural graphite κ. This strong thickness depen-
dence was explained by the top and bottom boundary
scattering and disorder penetration into FLG induced
by the evaporated top oxide.74 Very recently, another
similar yet less pronounced trend was observed in SiO2-
supported FLG by Sadeghi et al.93 using the suspended
micro-resistance thermometry platform (similar to Fig-
ure 1c). As shown by red dots in Figure 8, the measured
room-temperature κ increases slowly as increasing thick-
ness, and the recovery to natural graphite would occur
even more than 34 layers. The difference between the
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FIG. 8. Experimental in-plane thermal conductivity near
room temperature as a function of the number of layers n for
suspended graphene by Ghosh et al.78 (open blue diamond)
and by Jang et al.94 (open green square), SiO2-supported
graphene by Seol et al.72 (open red circle) and Sadeghi et
al.93 (solid red circle), and SiO2-encased graphene by Jang
et al.74 (solid black triangle). The data show a trend to re-
cover the value (dashed line) measured by Sadeghi et al.93
for natural graphite source used to exfoliate graphene. The
gray shaded area shows the highest reported κ values of py-
rolytic graphite.138–140 Reproduced with permission.93 Copy-
right 2013, NAS.
results by Jang et al.74 and Sadeghi et al.93 is not un-
expected, because encased FLG κ could be suppressed
much more in thin layers than thick layers due to the
effect of top oxide, and hence shows a stronger thickness
dependence.
For suspended FLG, there are two contradictory obser-
vations in the thickness dependence. At first, based on
the Raman thermometry technique (Figure 1a) Ghosh et
al.78 showed a decrease of suspended FLG κ from the
SLG high value to regular graphite value as thickness
increases from 2 to 8 layers (open diamonds in Figure
8). The κ reduction was explained by the interlayer cou-
pling and increased phase-space states available for the
phonon Umklapp scattering in thicker FLG.78 However, a
very recent study by Jang et al.94 seems to show a differ-
ent thickness trend for suspended FLG. They measured
thermal conductivity of suspended graphene of 2-4 and 8
layers by using a modified T-bridge micro-resistance ther-
mometry technique. The obtained room-temperature κ
for 2-4 layers is about 300-400 Wm−1K−1 with no ap-
parent thickness dependence, while κ for 8-layer shows
an increase to ∼600 Wm−1K−1 (open squares in Fig-
ure 8). Surprisingly, this trend is qualitatively in agree-
ment with that of Sadeghi et al.93 for supported FLG;
both show similar increasing amounts of κ from 2 to
8 layers (Figure 8), despite a small decrease from 2 to
4 layers in the former, which could arise from different
sample qualities and measurement uncertainty. Given
opposite thickness trends of Ghosh et al.78 and Jang et
13
al.,94 further experimental works are required to clar-
ify the real thickness-dependent κ in suspended FLG.
Moreover, we want to point out that suspended FLG
κ values of Jang et al.94 are close to those reported by
Pettes et al.73 for suspended bilayer graphene (BLG),
∼600 Wm−1K−1 at room temperature (see Figure 2a).
Both are much lower than suspended SLG κ. The lat-
ter attributed this to phonon scattering by a residual
polymeric layer on graphene,73 even though the former
claimed that electrical current annealing was used to re-
move polymer residues.94
F. Cross-Plane Thermal Conduction
A remarkable feature of graphite and graphene is that
their thermal properties are highly anisotropic. Despite
high thermal conductivity along the in-plane direction,
heat flow along the cross-plane direction (c axis) is hun-
dreds of times weaker, limited by weak van der Waals
interactions between layers (for graphite) or with adja-
cent materials (for graphene). For example, the thermal
conductivity along the c axis of pyrolytic graphite is only
∼6 Wm−1K−1 at room temperature119 (Figure 2a). For
graphene, it is often attached to a substrate or embed-
ded in a medium for potential applications. Heat con-
duction along the cross-plane direction is characterized
by the thermal interface/boundary conductance between
graphene and adjacent materials, which could become a
limiting dissipation bottleneck in highly scaled graphene
devices and interconnects.9,182–185
The thermal interface conductance across
graphene/graphite and other materials has been
measured by using 3ω method,90 time-domain ther-
moreflectance (TDTR) technique,86–89,187,188 and
Raman-based method,71,85 Most experimental data
available to date are shown in Figure 9, and they are
consistent with each other in general, given the varia-
tions of sample qualities and measurement techniques.
Chen et al.90 and Mak et al.86 showed the thermal
interface conductance per unit area of graphene/SiO2
is K⊥ ∼ 50 − 100 MWm
−2K−1 at room temperature,
with no strong dependence on the FLG thickness. Their
values are close to that of CNT/SiO2,
186 reflecting
the similarity between graphene and CNT. Schmidt et
al.187 measured K⊥ of the graphite/metal interfaces,
including Au, Cr, Al, and Ti. Among them, the
graphite/Ti has the highest K⊥, ∼120 MWm
−2K−1,
and the graphite/Au interface has the lowest K⊥, ∼30
MWm−2K−1 near room temperature. Their K⊥ of
graphite/Au is consistent with the value by Norris et
al.188 and values of SLG/Au by Cai et al.71 and FLG/Au
by Ermakov et al.85 Koh et al.87 later measured heat flow
across the Au/Ti/n-LG/SiO2 interfaces with the layer
number n = 1 − 10. Their observed room-temperature
K⊥ is ∼25 MWm
−2K−1, which shows a very weak
dependence on the layer number n and is equivalent to
the total thermal conductance of Au/Ti/graphite and
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FIG. 9. Experimental thermal interface conductance K⊥
vs. temperature for SLG/SiO2 by Chen et al.
90 (open
purple diamond), FLG/SiO2 by Mak et al.
86 (open pur-
ple square), CNT/SiO2 by Pop et al.
186 (solid purple right-
triangle), Au/SLG by Cai et al.71 (solid gold diamond),
Au/Ti/SLG/SiO2 (solid blue circle) and Au/Ti/graphite
(solid orange circle) by Koh et al.,87 interfaces of graphite
with Au (solid magenta square), Al (solid gray up-triangle),
Ti (solid green asterisk) by Schmidt et al.,187 interfaces of
Al/SLG/SiO2 without treatment (open black up-triangle),
with oxygen treatment (Al/O-SLG/SiO2, open green up-
triangle), and with hydrogen treatment (Al/H-SLG/SiO2,
open red up-triangle) by Hopkins et al.88
graphene/SiO2 interfaces acting in series. This indicates
that the thermal resistance of two interfaces between
graphene and its environment dominates over that
between graphene layers. Interestingly, Hopkins et al.88
showed the thermal conduction across the Al/SLG/SiO2
interface could be manipulated by introducing chemical
adsorbates between the Al and SLG. As shown in Figure
9, their measured K⊥ of untreated Al/SLG/SiO2 is ∼30
MWm−2K−1 at room temperature, in agreement with
Zhang et al.89 The K⊥ increases to ∼42 MWm
−2K−1
for oxygen-functionalized graphene (O-SLG), while de-
creases to ∼23 MWm−2K−1 for hydrogen-functionalized
graphene (H-SLG). These effects were attributed to
changes in chemical bonding between the metal and
graphene, and are consistent with the observed enhance-
ment in K⊥ from the Al/diamond
189 to Al/O-diamond
interfaces.190
VI. THERMOELECTRIC PROPERTIES OF
GRAPHENE
Thermoelectric materials can convert waste heat into
electricity by the Seebeck effect and use electricity to
drive electronic cooling or heating by the Peltier effect.
Thermoelectric devices are all-solid-state devices with no
moving part, thus are silent, reliable and scalable. How-
14
ever, they only find limited applications due to their low
efficiency. The efficiency of a thermoelectric material is
determined by the thermoelectric figure of merit (ZT ),
which typically is defined as132
ZT = σS2T/κ, (6)
where σ is the electrical conductivity, S is the Seebeck
coefficient [also called thermoelectric power (TEP) or
thermopower], T is the absolute temperature, and the
thermal conductivity κ = κe + κl have contributions
from electrons (κe) and lattice vibrations (κl). κe is
usually extracted based on the Wiedemann-Franz Law
κe/σ = L0T , where the Lorenz number L0 is equal to
2.44×10−8 WΩK−2 for free electrons. This law does not
always hold. For example, κe becomes zero for a delta-
shaped transport distribution.191 However, in graphene
κe is negligible with respect to κl,
13,59,66–69 similar as in
CNTs.108,192 Currently, the state-of-art commercial ther-
moelectric materials, like Bi2Ti3, have room-temperature
ZT around 1.38
Two important concepts have been developed to guide
thermoelectrics research in the last twenty years.37,38
One was proposed by Hicks and Dresselhaus in 1993,
which suggests to improve ZT by going to lower dimen-
sions.193,194 Based on this concept, significant enhance-
ments of ZT to larger than 1 are found, for instance, in
thin films195 and in quantum dot superlattices.196 The
other concept, demonstrated by two seminal experiments
in 2008,115,116 suggests to increase ZT by nanostructur-
ing. The experiments found a 100-fold increase of ZT
in SiNWs over the bulk counterpart, mainly attributed
to the decrease of κ induced by boundary scattering.
Graphene nanostructures can naturally combine the two
concepts and might be useful for thermoelectrics research
and applications.
For realizing large ZT in graphene systems, two major
disadvantages have to be overcome: (i) κ is too high; (ii)
S is too small due to the gapless band structure. In the
above section, we discussed various approaches to tune
thermal conduction in graphene. Among them, bound-
ary scattering, that can largely decrease κ as demon-
strated in SiNWs, is a promising way. Previous theo-
retical calculations predict that GNRs with disordered
edge structures197 or graphene quantum dots55 may sup-
port large ZT . In addition, introducing weakly cou-
pled interfaces can block thermal conduction efficiently.
Taking CNTs as an example, despite extremely large
κ of single CNTs, when they are formed into random
networks,198–202 theoretical simulations predicted ultra
small κ of 0.13-0.2 Wm−1K−1 for networks due to junc-
tions between CNTs.203 The same concept could be used
for graphene to reduce κ. Next, we mainly discuss the
Seebeck effect in graphene.
Thermoelectric transport in graphene has been exper-
imentally investigated in the past five years.204–215 The
Seebeck coefficient S and electrical conductance G of
graphene can be measured against the gate voltage Vg
(thus, carrier density nc) simultaneously via a widely-
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FIG. 10. a) Electrical Conductance G and b) thermopower
TEP of a graphene sample as a function of back gate voltage
Vg for T = 300 K (square), 150 K (circle), 80 K (up triangle),
40 K (down triangle), and 10 K (diamond). Upper inset: SEM
image of a typical device for thermoelectric measurements,
scale bar is 2 µm. Lower inset: TEP values taken at Vg = −30
V (square) and −5 V (circle). Dashed lines are linear fits to
the data. Reproduced with permission.204 Copyright 2009,
APS.
used microfabricated structure (inset of Figure 10a),
which was developed by Small et al.216 to measure ther-
moelectric transport in CNTs. Figure 10 shows typi-
cal results of measured G and S as a function of Vg in
graphene at different temperatures.204 The Seebeck co-
efficient S shows two peaks near the Dirac point (charge
neutrality point) and changes its sign across the Dirac
point as the majority carrier switches from electron to
hole. The room-temperature peak values of S for SLG
and BLG are observed to be ∼50-100 µVK−1 in differ-
ent experiments.204–208 For high carrier density nc (i.e.,
high |Vg|), the measured Seebeck coefficient scales as S ∼
1/
√
|nc| for SLG due to its linear dispersion,
205 while
S ∼ 1/|nc| for BLG due to its hyperbolic dispersion,
207
consistent with theories. Importantly, the simultaneous
measurements of G and S enable testing the validation
of the semiclassical Mott relation:217
S = −
π2k2BT
3|e|
1
G
dG
dVg
dVg
dE
|E=EF , (7)
where kB is the Boltzmann constant, e is the electron
charge, and EF is the Fermi energy. For SLG the mea-
sured S shows a linear T dependence (inset of Figure 10b)
and matches calculated S from measured G by Equation
(7),204–206 indicating an agreement with the Mott rela-
tion. For BLG, however, the agreement only holds for
high carrier density; for low carrier density there is an
15
obvious difference between measured and calculated S as
well as a deviation from the linear T dependence at high
temperature.207,208 This failure of the Mott relation was
attributed to the low Fermi temperature in BLG.
The thermoelectric properties of materials can be also
probed by using a conducting tip to measure the thermo-
electric voltage between the sample and tip, induced by
a given temperature difference between them. By em-
ploying atomic force microscopy (AFM) and scanning
tunneling microscopy (STM) techniques, Cho et al.218
and Park et al.219 measured the thermopower of epitax-
ial graphene on SiC, respectively. The advantage of this
method is the simultaneous imaging of the sample struc-
ture and thermoelectric signals with a spatial resolution
of atomic-scale. Since the Seebeck coefficient relies on the
sample local density of states (LDOS) near the Fermi en-
ergy, and LDOS can be quite different in the presence of
boundaries and disorders,220–224 thermoelectric imaging
allows us to probe grain boundaries, wrinkles, defects,
and impurities in graphene, which may not be reflected
in topography images.218,219
For practical applications, the Seebeck coefficient and
power factor σS2 of graphene should be improved. Some
experimental efforts have been made in this direction.
Wang et al.225 observed enhanced S below room tempera-
ture in a dual-gated BLG device, resulting from the open-
ing of a band gap by applying a perpendicular electric
field on BLG. Additionally, the Seebeck coefficient and
power factor of FLG could be enhanced at high tempera-
ture (> 500 K) by molecular attachments226 and oxygen
plasma treatment,227 attributed to the band gap open-
ing. By constructing the c-axis preferentially oriented
nanoscale Sb2Te3 film on monolayer graphene, both S
and σ were increased, benefiting from a highway for car-
riers provided by graphene.228 From a practical point of
view, Hewitt et al.229 focused on maximizing the power
output of FLG/polyvinylidene fluoride composite thin
films by considering the absolute temperature, temper-
ature gradient, load resistance, and physical dimensions
of films.
VII. SUMMARY AND OUTLOOK
In summary, graphene is one of the best heat conduc-
tors in nature. The exceptionally high thermal conduc-
tivity appears in graphene caused by a combination of
several unique features, specifically, its low dimension,
light atomic mass, and strong sp2 covalent bonding. Im-
portant isotope effects have been found in graphene, ev-
idencing the weak strength of other scattering processes.
Moreover, strong size effects and (quasi-)ballistic ther-
mal transport at room temperature have been observed
in graphene due to its long phonon MFP.
We also show possible ways to shorten the phonon
MFP, including coupling to a substrate, constructing nar-
row GNRs with rough boundaries, introducing weakly
coupled interfaces, etc. These approaches helps us de-
crease thermal conductivity of graphene for thermal in-
sulation and thermoelectric applications. We finally dis-
cuss the challenges of using graphene for thermoelectrics
and possible strategies to overcome the challenges.
Significant progresses have been made in researches on
thermal conduction in graphene in the past few years.
However, there are still some important fundamental
problems unresolved. For example, the change of the
scattering strength induced by low dimension has not
been well studied. Many quantum effects, like coherent
scattering and weak localization, might be important in
thermal transport but remain almost unknown (at least
in experiments). Whether Fourier’s law holds in low-
dimensional systems or not is still a controversial issue,
and what are the key factors to drive ballistic-diffusive
transport is not well understood. On thermoelectrics, the
enhancement of ZT requires suppressing thermal con-
duction while keeping electrical conduction less affected.
More works are deserved for designing approaches to ef-
fectively decouple electrons and phonons.
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